The simian virus 40 (SV40)-associated small RNA (SAS-RNA), approximately 64 nucleotides, is virally encoded within a region of the viral late (+) DNA strand which encodes no known protein. The SAS-RNA arises in abundance late in SV40 lytic infection. Previous data indicate that the synthesis of the SAS-RNA may be under the control of the normal late viral promoter; i.e., inhibition of transcription from the late promoter results in cessation of SAS-RNA synthesis. The synthesis of SAS-RNA was examined to determine whether the SAS-RNA is the product of cleavage from noncoding regions of nuclear late transcripts or an independent transcription product like 5S RNA, or the adenovirus VA-RNAs. The data described below suggest that SAS-RNA is cleaved from large late transcripts. In vitro transcription of DNA fragments containing the SAS-RNA coding region yielded no SAS-RNA synthesis; this result was supported by DNA sequence analysis, which indicated no promoter-like regions either within or flanking the SAS-RNA coding region. In support of a cleavage mechanism, the SAS-RNA has a 3'-phosphate end, an occurrence which is indicative of nuclease cleavage. In addition, 5'-end labeling of the SAS-RNA was possible only after calf alkaline phosphatase treatment; this indicates that the SAS-RNA is not capped. Hybrid selection analysis was used to demonstrate that separation of the SAS-RNA coding region from the normal late promoter resulted in elimination of SAS-RNA synthesis. This was demonstrated in SV40-transformed cells in which integration of a single copy of SV40 breaks the continuity of the late coding region, so that the SAS-RNA coding region is physically separated from the normal late promoter. The lack of SAS-RNA synthesis indicates that the SAS-RNA coding region cannot function as a primary transcription unit. The same result and conclusion were obtained by using a permissive cell line transformed by SV40 (COS-1 cells); here it was found that the integrated SAS-RNA coding region was not expressed even during a viable lytic infection in which the SAS-RNA could be expressed from the infecting viral genomes. The simplest conclusion drawn from the data is that the SAS-RNA is cleaved from larger late transcripts which initiate at the normal late promoter. This conclusion suggests that many of the small RNAs found in normal eucaryotic cells may be synthesized by specific cleavage rather than by primary transcription. In the course of these studies several small cellular RNAs were detected, due to their specific hybrid selection, by using SV40 DNA. Primary mapping and characterization data of these RNAs are also presented.
ly between nucleotides 2825 and 2890 (SV numbering [9] ) on the SV40 genome (corrected numbering, 2842 to 2907 [4] ).
It is known that many small RNAs, including the snRNAs, VA-RNAs, 5S RNA, tRNAs, and others, are the products of direct transcription by DNA-dependent RNA polymerase II or III (37, 38, 41) . In this communication evidence is presented which suggests that the SAS-RNA is not a primary transcription product but is specifically processed by cleavage from noncoding sequences in long RNA transcripts of the SV40 late (+) DNA strand. These transcripts appear to be the precursors of viral late mRNAs initiating at the normal late promoter (1, 25) . This implies that eucaryotic cells have specific mechanisms for the cleavage of small RNAs from noncoding regions of large precursors. When one considers the great variety of specific small RNAs in the eucaryotic cell, many could be synthesized by specific processing from large RNAs rather than by independent transcription.
In the course of these experiments it was also observed that other small RNAs, from SV40 lytically infected or transformed cells, appear to be able to associate with SV40 DNA or mRNA as determined by hybrid selection. Preliminary characterization and mapping of these RNAs are also presented in this communication. Although the function of these RNAs is unknown, the major species appear to be of cellular origin. It is likely that SV40 will be a good model for studying the function of these cellular small RNAs.
MATERIALS AND METHODS Cells and viruses. SV40 strain 776 and deletion mutants d11263 and 1265 (11) were grown on primary African green monkey kidney cells (AGMK cells, Flow Laboratories, Inc.) or the established AGMK line CV-1. Cells were grown at 37°C in Dulbecco minimal essential medium containing 2% serum. After 1.5 h of adsorption of viruses at room temperature, the cells were fed with the same medium and incubated at 370C.
Preparation of RNA. RNA was harvested from the cells at 48 h after infection (late in the lytic cycle). All steps were performed in the cold. The cells, as monolayers, were chilled, washed with cold phosphatebuffered saline (PBS), and then washed with cold TNM buffer (10 mM Tris-hydrochloride [pH 7.5], 0.14 M NaCI, 1.5 mM MgCl2). After the buffer was removed, the cells on the monolayer were lysed with TNM buffer containing 0.5% Nonidet P-40 ([NP-40], 2 ml per 150-cm2 flask). The detergent buffer was spread over the cells, with rocking for 5 min, and then removed as the cytoplasmic fraction (most of the nuclei remain on the monolayer). After low-speed centrifugation to remove debris, the cytoplasmic fraction was made 0.5% in sodium dodecyl sulfate (SDS) and extracted once with water-saturated phenol, twice with water-saturated phenol-chloroform-isoamyl alcohol (50:49:1), and once with water-saturated chloroform. After being extracted, the fraction was ethanol precipitated and stored at -20°C. For the preparation of nuclear fractions, the nuclei remaining on the monolayers were scraped into 2 ml of TNM buffer containing 0.5% NP-40 and pelleted. The nuclei were then suspended in the same buffer supplemented with 0.05% deoxycholate (DOC). After being blended for 10 s in a Vortex mixer, the nuclei were pelleted. The supematant fraction represents the perinuclear or nuclear pore fraction (14) ; this fraction was extracted as described above. The remaining nuclear pellet was suspended in TNM buffer, made 0.5% in SDS, and extracted as above; this represented the nuclear fraction. Labeling of RNA. For in vivo-labeled RNA, the cells were infected normally for 24 h and then placed in phosphate-free medium containing 2% dialyzed fetal calf serum. After 12 h of phosphate starvation, the cells were labeled with [32P]orthophosphate, 1 mCi per 150-cm2 bottle, for 12 h in phosphate-free medium containing 2% dialyzed fetal calf serum at 37°C.
In vitro 3'-end labeling of RNA was performed, using RNA ligase and cytidine 3',5'-[5'-32P]bisphosphate (15) . In vitro 5'-end labeling was performed by using T4 polynucleotide kinase and [-y-32P]ATP (29) . In both cases it was necessary to treat the RNA with calf alkaline phosphatase before the end labeling; this was performed in 10 mM Tris (pH 8) as described previously (29) .
Preparation of virus DNA. SV40 DNA was isolated from infected cells by the procedure of Hirt (22) .
Hybrid selection and gel analysis. SV40-specific RNAs were hybrid selected, using sonically sheared SV40 DNA (average size 700 nucleotides) which had been heat denatured and coupled to diazobenzyloxymethyl (DBM) paper (3). To prepare the DNA papers, 2-cm2 pieces of aminobenzyloxymethyl paper (S & S Inc., Keene, N.H.) were diazotized (3) and finally soaked in ice-cold 25 mM sodium acetate buffer, pH 4. At the same time, 25 ,ug of the DNA, previously denatured by boiling in 100 ,ul of water, was made 25 mM in sodium acetate buffer (pH 4) by the addition of a 1 M stock. The DBM paper was quickly blotted of excess liquid and placed on a clean glass or plastic surface, and the DNA was applied. The paper with DNA was left in a well-ventilated area so that it would dry within an hour. After the coupling, the paper was washed twice with SSC (0.15 M NaCI plus 0.015 M sodium citrate). Before each hybrid selection, the papers were pretreated by soaking for at least 4 h at 37°C in 4 ml of a solution containing 50% (vol/vol) formamide, 5x SSC, 0.05% (wt/vol) polyvinylpyrolidone, 0.05% (wt/vol) Ficoll, 1 mg of denatured sonicated calf thymus or salmon sperm DNA per ml (Sigma Chemical Co., St. Louis, Mo.), and 100 ,ug of tRNA per ml. The first pretreatment also contained 1% (wt/ vol) glycine. The calf thymus or salmon sperm DNA should be used directly as the commercial preparation without deproteinization. In a typical selection, 50 to 300 ,ug of total cytoplasmic RNA was dissolved in 1 ml of the same buffer used for pretreatment (minus glycine). This was added to the DNA paper in a small plastic bag, which was then sealed. The samples were hybridized at 37°C for 24 h. After hybridization, the papers were removed from the bag, washed twice for 15 min each in 25 ml of 50% formamide-5x SSC at 37°C, and then washed six times, for 15 min each, with SSC containing 0.5% SDS at 37°C. After the washes, the selected RNA was eluted by boiling the paper in 1 ml of water for 1.5 min. The samples were then ethanol precipitated.
Gel electrophoresis. Samples were electrophoresed on 30-cm 8% acrylamide-bisacrylamide gels (40:1) containing 7 M urea (29) . After electrophoresis, the gels were autoradiographed at -70°C, using Kodak XAR-5 film and Dupont Cronex Lightening-Plus intensifying screens.
RESULTS AND DISCUSSION Figure 1 shows the transcription map of SV40, including the coding region of the SAS-RNA (nucleotides 2825 to 2890; 2842 to 2907, corrected numbering). In addition, a larger region (nucleotides 2765 to 2895; 2779 to 2915, corrected numbering) is shown as a nucleotide sequence as it would appear in a late RNA transcript which initiated from the late promoter (near the origin of replication OreP) and continued past the late mRNA polyadenylylation site (0.17 map units) into the antisense early region. Such long late transcripts, often representing a transcript of the entire late strand, are found in the nuclei of lytically infected cells and are believed to be the precursors of late mRNA (1, 25) . Previous data (4) indicated that any event which disturbed
transcription from the normal late promoter also stopped the synthesis of the SAS-RNA. This suggests that either a specific SAS-RNA promoter is controlled by a mechanism similar to that of late transcription or that the SAS-RNA is a processing product from the antisense region of the long late nuclear transcripts. The sequences upstream from the SAS-RNA coding region, shown in a possible hairpin structure in (3) . The underlined AUG denotes the start of a translational reading frame in the SAS-RNA, which runs off the end of the RNA. On the genomic map the wiggly line, near map position 0.59, denotes a region of overlapping homologies between the SAS-RNA and the DNA, or the early RNA (see Fig. 6 ). Restriction is highly overexposed to demonstrate that no SAS-RNA can be detected. It is unlikely that the lack of detection of the SAS-RNA is due to a sensitivity problem; longer exposures of gels, as well as selection experiments using 10 times more RNA, failed to show an SAS-RNA band of any intensity in uninfected or d11263-infected COS-1 cells. Thus, even during a viable lytic infection the integrated SV40 sequence encoding the SAS-RNA is not expressed. In both the COS and the transformed cells it is known that the early coding region is intact because of normal T-antigen synthesis and the production of normal early transcripts. Since the SAS-RNA coding region is within the early region, but on the antisense strand, it follows that the SAS-RNA coding region and flanking sequences are also intact. The evidence that these integrated copies are never transcribed is the prediction of the cleavage model for SAS-RNA synthesis.
Conclusions regarding synthesis of SAS-RNA. All of the present and previous (4) data are in agreement with a model in which the SAS-RNA is synthesized by specific cleavage from noncoding sequences in the long late nuclear transcripts found late in an SV40 lytic infection. It has been shown that any event which disrupts the ability to make these transcripts inhibits SAS-RNA synthesis (4) . Intact copies of the SAS-RNA coding region, integrated into cellular sequences in such a way that they cannot be reached by transcription from the normal late promoter, have not been found to be expressed. Apparently these integrated copies cannot function as transcription units independent of the normal late promoter. The simplest explanation for these results is that the cell contains a specific mechanism for the cleavage of the SAS-RNA from the large precursor molecules. Nuclease cleavage is indicated by the 3'-phosphate end of the SAS-RNA. Sequences upstream from the coding region, known to be required for SAS-RNA synthesis (Fig. 1) , may be signals for the cleavage mechanism.
The evidence for such a specific mechanism for SAS-RNA synthesis suggests that many of the small RNAs found in the nuclei and cytoplasm of normal eucaryotic cells may arise by cleavage, rather than by direct transcription from individual, unique promoter. Specific small RNAs could be encoded within introns and other noncoding regions transcribed into hnRNA.
Examination of SAS-RNA and other small
RNAs hybrid selected by SV40 DNA. In Fig. 2, 3 , 4, and 5 it is shown that SV40 DNA can hybrid select several small RNAs other than the SAS-RNA. The conclusion that these are all RNAs is based on the results of alkaline sensitivity tests (not shown). Figure 2A shows a comparison of in vitro end-labeled (lane 1) and in vivo-labeled (lane 2) SV40-selected small RNAs; the sizes of these RNAs range from 170 to less than 25 nucleotides. At least two bands, 69 and 95 nucleotides, are detected only in the end-labeled samples. It is not yet clear why this difference exists; either these two species are contaminants of the particular RNA preparation used for the end labeling, or they are long-lived RNAs which are not synthesized rapidly enough to be labeled in the in vivo labeling experiment. In Fig. 4 , the in vivo-labeled small RNAs from SV40-transformed cells were selected. RNAs of similar sizes to those found in lytically infected cells are noted; however, their relative abundances appear to be different. For example, the 90-nucleotide band is relatively abundant compared with the 75-nucleotide band in the transformed cell RNA, whereas the ratio is much the opposite with the samples from lytically infected cells. In addition, a minor band at 105 nucleotides is noted in the transformed cell RNA, which has no counterpart in the lytic RNA. These quantitative and qualitative differences between the small RNAs of transformed and lytically infected cells may be insignificant; however, this result may suggest that a cell's specific component of small RNAs may affect the course of a viral infection, i.e., lytic, transforming, or persistent. The hybrid selection shown in Fig. 6 is the result of experiments to begin the characterization of these other small RNAs selected from lytically infected cells. Labeled RNA from the cytoplasm of infected AGMK cells was harvested as described above by using nonionic detergent (NP-40). The nuclear pellet was further treated with the same nonionic detergent buffer supplemented with DOC, and the nuclei were again pelleted. The DOC supernatant represents the perinuclear fraction (14) . The remaining nuclear pellet was lysed with SDS for extraction of the nuclear fraction. SV40-specific RNAs were hybrid selected from each of these fractions, using total SV40 DNA or specific restriction fragments coupled to DBM paper. The restriction fragments used were the three generated by cleavage with the restriction nucleases BamHI, TaqI, and HpaII (Fig. 1) (4) . In Fig. 6 it can be seen that the 170-, 130-, and 75-nucleotide RNAs comigrate with major cellular RNA species (tRNAs, 5S, and 5.8S rRNAs); thus, it was desirable to determine whether specific regions of SV40 DNA selected them or if they represented less specific interactions. Thus, the total cytoplasmic fraction was selected with DNA paper containing fragments A, B, and C (Fig. 6, lanes A, B, and C) . The 170-, 130-, and 75-nucleotide RNAs were most effectively selected by fragment A. The 64-nucleotide SAS-RNA was selected by fragment B, a result which is an important control for selection specificity since the SAS-RNA coding region is contained in this fragment. A minor band is routinely small RNAs hy-selected with the SAS-RNA, which migrates 1 to cells.either mock 2 nucleotides smaller than the SAS-RNA; at this ted into the total point it is felt that this is a smaller form of the rked NP-40), the SAS-RNA. Restriction fragments which select t), and the nucle-the SAS-RNA always select the 20-to 25-nucleples of the total otide RNAs as well. This is not seen in Fig. 6 ns were electro-because the exposure is not long enough; howcognizable RNA ever, the result may suggest that these very ows approximate small RNAs are a subset of the SAS-RNA. s U) and infected Selection with fragment C shows little specition was hybrid ficity; however, under less stringent hybridizasion (NPa40) was tion conditions, fragment C will select an appre- genome. Figure 7 shows an example of one of of the early and these homologies; in this case the homology tows the results demonstrates the structure formed when the d from the total most bases are aligned between the SAS-RNA es marked NP-and the DNA. This may or may not be the most s marked T for stable hybrid which could form in this region. nall RNAs de- Figure 6 also shows that selection of the DOC for infected). perinuclear fraction (lanes marked DOC) and the he small arrow SDS nuclear fraction (lanes marked NUC) yieldending from the ed no new species of small RNAs with the oximately 170, exception of a faint band at 78 nucleotides in the 
